ABSTRACT: Infants with chronic lung disease (CLD) have a capacity to maintain functional lung volume despite alterations to their lung mechanics. We hypothesize that they achieve this by altering breathing patterns and dynamic elevation of lung volume, leading to differences in the relationship between respiratory muscle activity, flow and lung volume. Lung function and transcutaneous electromyography of the respiratory muscles (rEMG) were measured in 20 infants with CLD and in 39 healthy age-matched controls during quiet sleep. We compared coefficient of variations (CVs) of rEMG and the temporal relationship of rEMG variables, to flow and lung volume [functional residual capacity (FRC)] between these groups. The time between the start of inspiratory muscle activity and the resulting flow (t ria )-in relation to respiratory cycle time-was significantly longer in infants with CLD. Although FRC had similar associations with t ria and postinspiratory activity (corrected for respiratory cycle time), the CV of the diaphragmatic rEMG was lower in CLD infants (22.6 versus 31.0%, p ϭ 0.030). The temporal relationship of rEMG to flow and FRC and the loss of adaptive variability provide additional information on coping mechanisms in infants with CLD. This technique could be used for noninvasive bedside monitoring of CLD. (Pediatr Res 68: 339-343, 2010) C hronic lung disease (CLD) of infancy represents the final common pathway of a heterogeneous group of pulmonary diseases that start in the neonatal period and usually evolve from acute respiratory disorders experienced by newborn infants (1). Tidal breathing parameters, lung volume, and ventilation homogeneity are affected by the morphologic changes in CLD and can be measured by lung function studies. Some studies showed decreased endexpiratory volume [functional residual capacity (FRC)] and lung clearance index (LCI) (2) in sedated infants, whereas other studies in infants during natural sleep could not confirm these observed differences in FRC and LCI between healthy infants and infants with CLD (3). We (4) and other authors (3) indicated that the latter findings are in line with the following clinical observations: infants with CLD in natural sleep may have a high capacity to maintain relatively normal lung volume and relatively normal gas exchange, despite alterations to their lung mechanics, whereas this capacity may be reduced during sedation.
C hronic lung disease (CLD) of infancy represents the final common pathway of a heterogeneous group of pulmonary diseases that start in the neonatal period and usually evolve from acute respiratory disorders experienced by newborn infants (1) . Tidal breathing parameters, lung volume, and ventilation homogeneity are affected by the morphologic changes in CLD and can be measured by lung function studies. Some studies showed decreased endexpiratory volume [functional residual capacity (FRC)] and lung clearance index (LCI) (2) in sedated infants, whereas other studies in infants during natural sleep could not confirm these observed differences in FRC and LCI between healthy infants and infants with CLD (3). We (4) and other authors (3) indicated that the latter findings are in line with the following clinical observations: infants with CLD in natural sleep may have a high capacity to maintain relatively normal lung volume and relatively normal gas exchange, despite alterations to their lung mechanics, whereas this capacity may be reduced during sedation.
Recently, we described the combination of matched tidal breathing measurements and transcutaneous electromyography of the respiratory muscles (rEMG) in healthy infants (5) . Our findings suggested that the interaction of the respiratory muscles and lung mechanics are actively controlled breath to breath and that simultaneous measurement of tidal breathing parameters and rEMG parameters potentially provide a more comprehensive picture of pulmonary mechanics in disease. We hypothesize that infants with CLD attempt to maintain a relatively normal lung volume by altering breathing patterns and dynamical elevation of lung volume. These mechanisms may be detected by differences in the temporal relationship between rEMG, flow pattern and lung volume.
The aim of this study was to determine the temporal relationship between rEMG and tidal flow, the variability of these parameters, and the relationship to lung volume in infants with CLD, in comparison with age-matched healthy controls during unsedated sleep.
METHODS

Study design.
As described below, rEMG was measured at the postmenstrual age of 44 wk, in infants with CLD and age-matched healthy infants, before the fitting of the face mask and on three occasions parallel to standardized lung function tidal flow and volume measurements (6), during quiet unsedated sleep. This was then followed by further rEMG measurements during multibreath FRC measurements, during the same sleep stage.
Subjects. Twenty infants with a history of mild to moderate CLD, defined according to the criteria of Jobe et al. (7) , were recruited for this study from the neonatal unit of the University Maternity Hospital (Bern, Switzerland).
Thirty-nine healthy term-born infants were recruited for an ongoing birth cohort study in Bern, Switzerland (5, 8, 9) . Patient data are given in Table 1 .
The study was approved by the Medical Ethics Committee of the University Hospital and the Canton of Bern, and written informed consent was obtained from all parents.
Measurement procedure. Infants were studied during quiet sleep in supine position with the head in midline and with a mask (size 1, Homedica, Cham, Switzerland) placed over the mouth and nose. All measurements were done according to the standards of infant lung function testing, which ensures that resistive properties or dead space of the equipment did not exceed the recommended limits (6, 10, 11) . Sleep state was defined clinically by using the criteria of Prechtl (12) .
Lung function. Flow was measured using a prototype ultrasonic flowmeter (ExhalyzerD; Eco Medics AG, Duernten, Switzerland). Main tidal breathing outcome parameters were respiratory frequency (f), inspiratory time (t I ), expiratory time (t E ), ratio of time to peak tidal expiratory flow and t E (t PTEF )/t E , tidal volume (V T ), and minute ventilation (VЈ E ). Three series of multibreath washout procedures using sulfur hexafluoride tracer gas were performed, and an average was obtained for FRC, calculated using an optimized analysis method (13) .
rEMG recordings. The electrical activity of the diaphragm and intercostal muscles were measured transcutaneously. The technical aspects of the measurements and validation have been previously described (5, 14) . Thirty breathing cycles of the rEMG-measurement were sampled before lung function measurements were started (T 0 ). The face mask and flow sensor were then placed on the infant, and subsequently the rEMG-activity of the first 30 breaths was recorded in parallel to tidal flow measurements (T 1 ), followed by a sequence of 30 breaths after 2 min (T 2 ) and by a third sequence of 30 breaths (T 3 ) after 8 -10 min (the total duration of the measurement).
Main rEMG outcome variables (5) were inspiratory time of the rEMG (t I,rEMG ), expiratory time of the rEMG (t E,rEMG ), postinspiratory activity time (t pia ), and ramp inspiratory activity time (t ria ). The variability in the relative contribution of the respiratory muscles is expressed as the coefficient of variation (CV) of the inspiratory peak value, as the SD was linearly related to the mean. The data processing and analysis were done using the data acquisition and processing package Polybench (Applied Biosignals, Weener, Germany).
Data analysis and statistics. Dependent on the distribution of the group data, descriptive statistics, t test and nonparametric tests were performed to compare tidal breathing parameters, FRC, and rEMG variables, between healthy infants and infants with CLD. Linear regression analysis was used to compare rEMG, flow timing parameters, and lung volume. Statistical analysis and graphics were performed with SPSS (version 16.0 SPSS Inc., Chicago, IL) and SigmaPlot (version 10.0, Systat Software Inc., Richmond, CA).
RESULTS
Group median values (range) of tidal breathing indices measured at the airway opening and derived from rEMG, and FRC of healthy infants and infants with CLD, are summarized in Table 2 . Significant differences between both groups were found for t I, t PTEF /t E, t I,rEMG, and t ria corrected for the respiratory cycle time of the rEMG (t tot,rEMG ). All other tidal parameters and FRC were not different between the groups.
The mean CV of the intercostal muscles and the diaphragm activity of infants with CLD were 11.2 and 22.6%, respectively ( Table 2 ). The CV of diaphragm activity was significantly lower (p ϭ 0.03) in comparison with healthy infants.
With tidal breathing, f and V T measured at the airway opening changed in both groups in response to the face mask load, even though there was a large variability within the groups. We found a significant decrease of the f (p ϭ 0.002) and VЈ E (p ϭ 0.003) between T 2 and T 3 in healthy infants, whereas in contrast, in infants with CLD, there was a significant increase of the f (p ϭ 0.039) between T 1 and T 2 . Furthermore, VЈ E significantly decreased (p ϭ 0.013) between T 2 and T 3 in infants with CLD (Table 3) .
With regard to the rEMG timing indices, we found a significant increase (p ϭ 0.032) of t pia /t tot,rEMG between T 2 and T 3 and a significant decrease (p ϭ 0.009) in t ria /t tot,rEMG between T 2 and T 3 in infants with CLD but not in healthy infants. Figure 1 shows the group mean response of the tidal breathing parameters and rEMG variables in response to the face mask load in healthy infants and infants with CLD, at the three time points T 1 , T 2 , and T 3 .
Although there was no significant difference in FRC corrected for bodyweight between healthy infants and infants with CLD (Table 2) , the relationship between respiratory muscle activity and FRC was different between the groups. Although the relationship between muscle activity and FRC Data are given as median (range). * Out of 20, data of one infant with CLD (male) were excluded because of an insufficient period of quiet sleep. Data of 19 infants with CLD and all data from the healthy infants were used for tidal breathing analysis, multibreath washout analysis, and rEMG analysis.
was weakly correlated and showed large intrasubject variability, intersubject variability, and overlap between the groups, we nevertheless found a significant positive correlation between t ria /t tot,rEMG (means of 30 breaths) and FRC (mL/kg) (r ϭ 0.39, p Ͻ 0.001) and a significant negative relation between t pia /t tot,rEMG and FRC expressed in mL/kg (r ϭ Ϫ0.33, r 2 ϭ 0.11, p Ͻ 0.001; Fig. 2 ) in infants with CLD. In healthy infants, we determined a significant positive correlation between t pia /t tot,rEMG (means of 30 breaths) and FRC expressed in mL/kg (r ϭ 0.34, p Ͻ 0.001) and no correlation between the FRC and the ratio t ria /t tot,rEMG (Fig. 2) . This cross-sectional analysis was performed in all measurements per group.
DISCUSSION
In this study, comparison of tidal breathing and rEMG variables between healthy infants and infants with CLD showed a significantly longer delay between the start of inspiratory muscle activity and the resulting flow, corrected for the respiratory cycle time and a significantly shorter t I and t PTEF /t E in the CLD group. This indicates longer inspiratory muscle efforts at the end of expiration before inspiratory flow at the airway opening can occur. Respiratory rate, V T , t ria / t tot,rEMG , and t pia /t tot,rEMG responded differently to the fitting of the face mask in the CLD group.
Although FRC was similar in healthy infants and in infants with CLD, it was found to be weakly but positively correlated on a group level to t pia /t tot,rEMG in healthy infants and negatively correlated in infants with CLD. Unlike in healthy infants, we found a positive relation between t ria /t tot,rEMG and FRC in infants with CLD. The variability of the diaphragmatic muscle activity in infants was higher in CLD in comparison with the healthy infants at a similar sleep stage. are consistent with previous observations, which found that infants have a high capacity to dynamically maintain their lung volume (15) (16) (17) . Postinspiratory muscle activity and ramp inspiratory muscle activity during expiration are important to actively control end-expiratory level in infants (17) (18) (19) . Our current findings suggest that infants with CLD attempt to control their end-expiratory level by using different breathing strategies and different respiratory muscle activation patterns, compared with those used by healthy infants. Infants with CLD start their inspiratory muscle activity much earlier during expiration than healthy infants. In healthy infants, ramp inspiratory muscle activity was not positively correlated to FRC, but longer postinspiratory muscle activity was correlated with FRC. Our findings are consistent with the hypothesis that healthy infants dynamically elevate their end-expiratory volume by increasing their postinspiratory muscle activity. We speculate that these breathings strategies are energetically less demanding than the breathing strategies that are needed in restrictive and obstructive lung mechanics in CLD. However, the relationship between these timing indices and FRC are very weak and highly variable on a group level. These changes in timing indices of the muscleflow interaction must be seen as indirect markers of how neurorespiratory control reacts on changes in lung mechanics.
Neurorespiratory control is based on a feedback loop system influenced by many factors. These feedback loops consist of the respiratory oscillator in the brainstem, efferent neural activity, muscle characteristics and their activation pattern, lung and upper airway mechanics, and afferent mechano-and chemoreceptor activity (20) . Most of these components can adapt breath by breath, resulting in a highly variable breathing pattern in infants (21) (22) (23) . If one of these components is altered or restricted, then the system loses a certain degree of freedom and likely variability. In our previous work in healthy infants, we found that breath-to-breath variability is mostly seen in the diaphragm (5) . In disease, this variability is decreased, consistent with a loss of breath-to-breath adaptive capacity of the respiratory system in disease, and the control system becomes more deterministic.
Another possible explanation for the reduced variability of diaphragm activity compared with term infants could be abnormalities in diaphragm function caused by prolonged mechanical ventilation (24) , which may well persist into the postweaning period. Although these factors cannot be examined in detail in this study, dysfunction may be additionally exacerbated by impaired muscular function from atrophy, apoptosis, and altered composition due to ventilation, exposure to reactive oxygen species, sepsis, drugs (25) , and so on in infants with CLD.
Effect of the face mask load. Both healthy infants and infants with CLD changed their VЈ E in response to the resistive and elastic mechanical load of a face mask and flow sensor. This may also be seen as a model of the adaptive response. Both groups first increased their respiratory rate and decreased their V T . Then, healthy infants were able to elevate their V T and decrease their respiratory rate, whereas infants with CLD compensated with a further decrease of their V T and a stabilized respiratory rate. Thus, infants with CLD compensate with different strategies to achieve optimal ventilation. The changes on the response on the face mask in the different groups are small, and the patterns were similar. However, we hypothesize that a possible explanation for this difference is the low compliance of the lung in infants with CLD, whereby the muscle activity to increase pressure needed to generate higher tidal volumes is greater (although this difference was not significant). Moreover, ramp inspiratory activity was prolonged in response to the load. This is theoretically consistent with an increase in expiratory pressure or with higher lung volumes.
Clinical relevance. In addition to the physiologic insights provided, the observation per se of differences in timing and variability between health and CLD in the absence of differences in FRC is potentially of clinical significance. A larger study investigating whether this apparent lack of coupling between FRC and EMG measurements are related to clinical parameters relevant to CLD would be necessary to ascertain its diagnostic or monitoring value.
Recently, long-term outcome studies of preterm children without and with CLD showed an impaired lung function and increasing respiratory morbidity at older age (26 -28) . Such alterations are often not easy to identify in newborn infants with CLD due to the adaptive mechanisms, which can come into play when infants are not sedated. Combined rEMGmeasurements with matched tidal flow will improve the understanding of changes in lung function and physiologic development in infants with CLD. Our findings demonstrate that this combination of measurements may help to understand why infants with CLD can maintain relatively normal lung volume and gas exchange if they are spontaneously breathing but not when their neurorespiratory control is reduced during sedation.
Methodological aspects. The transcutaneous way of assessing electrical activity of the respiratory muscles is favorable in infants with CLD because it is noninvasive. Transcutaneous recordings of the electrical activity of the respiratory muscles have been criticized, especially because of contamination of these signals by the electrical activity of other muscles (29) . In an earlier case report, we clearly showed the absence of contamination of abdominal muscle activity during the measurements during quiet sleep (30) . This is in line with the observation of Praud et al. (31) who reported no activity of abdominal muscles during quiet sleep.
A further limitation of the study is that the relationship between rEMG-flow time indices and lung volume is based on intraindividual and interindividual data. As infants have to be studied during their natural sleep, there is no other way to get this information other than by observational studies. The advantage of the observational approach is the fact that the findings represent a real-life situation.
Summary. Although VЈ E and FRC were similar in infants with CLD, the temporal dynamic interaction between respiratory muscle activity, resulting flow and lung volume was altered. The temporal relationship of rEMG to flow and the loss of variability provide additional information on coping mechanisms in infants with impaired lung mechanics, which are not obvious from tidal breathing and lung volume mea-surements alone. This information is easy to obtain with rEMG measurements, with matched tidal breathing measurements and may be useful as noninvasive clinical monitoring tools for disease progression in the future. Furthermore, with the increasing interest in EMG-triggered ventilation of infants with lung disease, our findings are crucial because the timing relationship between muscle activity, resulting flow and lung volume is different in health and disease.
